Rationale: Genetic factors are involved in acute respiratory distress syndrome (ARDS) susceptibility. Identification of novel candidate genes associated with increased risk and severity will improve our understanding of ARDS pathophysiology and enhance efforts to develop novel preventive and therapeutic approaches.
Acute respiratory distress syndrome (ARDS) affects more than 200,000 individuals annually in the United States and, despite improvements in overall care over the past 2 decades, the mortality rate remains at roughly 30-40% (1) (2) (3) (4) . Current therapeutic options to improve ARDS survival consist solely of a preventive strategy using low VTs and distending pressures during mechanical ventilatory support to prevent ventilator-induced lung injury (VILI) (5) . Other potentially beneficial adjunctive strategies include prone positioning to improve oxygenation, neuromuscular blockade to prevent patient-ventilator dyssynchrony, inhaled vasodilators to improve oxygenation and unload the right ventricle, extracorporeal membrane oxygenation to improve gas exchange, and fluid management to reduce pulmonary edema (6) (7) (8) (9) (10) . An important aspect of ARDS management is early recognition to prevent further lung injury during mechanical ventilatory support (11) . At present, there are no clinically useful biomarkers to identify the less than 10% of patients with well-recognized precipitating conditions, such as pneumonia, septic shock, or severe trauma, who will eventually develop the syndrome.
Racial and ethnic differences in susceptibility to and mortality from ARDS (12) (13) (14) (15) (16) support the increasingly recognized role of genetic factors in ARDS susceptibility (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , and highlight the importance of identifying genetic biomarkers of ARDS susceptibility in atrisk individuals to further improve risk stratification (28) . We have previously identified several novel genetic ARDS biomarkers and therapeutic targets, including NAMPT (nicotinamide phosphoribosyl transferase), which encodes for a Toll-like receptor 4-binding cytozyme (17, 24) , MYLK (encoding MLCK [myosin lightchain kinase]) (19, 26, 29) , GADD45a (growth arrest and DNA damage-inducible gene) (30) , and sphingosine 1-phosphate receptor 3 (25) .
In the current study, we identified three exonic SNPs (from two independent cohorts) within SELPLG (selectin P ligand gene; encoding PSGL-1 [P-selectin glycoprotein ligand 1]) that associate with ARDS susceptibility in at least one population. The selectin pathway is critically involved in the transmigration of leukocytes from the vascular lumen to sites of inflammation (31) (32) (33) . In preclinical ARDS models, SELPLG expression in lung tissues was significantly increased for both VILI and LPS-induced (LPS) murine models compared with controls. LPSinduced inflammatory lung injury in genetically engineered Selplg 2/2 mice was significantly reduced compared with wildtype C57/B6 mice. Finally, an inhibitory PSGL-1 antibody significantly attenuated lung inflammation and injury produced by either LPS or VILI. These findings indicate that SELPLG is a novel ARDS susceptibility gene among individuals of European and African descent. Some of the results of these studies have been previously reported in the form of an abstract (34) .
Methods

Genome-Wide Association Analysis of African American Patients with ARDS
The discovery population was a collection of well-phenotyped patients with ARDS and DNA samples from multiple sites, including patients enrolled in the FACTT (Fluid and Catheter Treatment Trial) study (10) , and data from investigators at the University of Chicago, University of Illinois, University of Washington, University of Pennsylvania, Harvard University, and the University of Tennessee. Race was self-or proxy-reported. All patients with ARDS met the diagnostic criteria per the American-European Consensus Conference (35) or the Berlin definition (36) . A detailed description of the methods used to identify ARDS cases in the discovery cohort is included in the online supplement. The clinical characteristics of study participants are presented in Table 1 . The control subjects were self-identified African American patients with sepsis or other ARDS risk factors admitted to the ICU at the University of Chicago and the University of Washington under the Figure E1 in the online supplement). SNPs with minor allele frequency less than 5% and HardyWeinberg P values less than 0.001 were discarded. SNPs with genotyping call rate greater than 95% and a mean genotyping call rate that was 99.5% were included.
Biological Pathway Analysis of GWAS Findings
We used the Identify Candidate Causal SNPs and Pathways (ICSNPathway) analysis (38) 
The Molecular Epidemiology of Sepsis in the ICU Cohort
The MESSI (Molecular Epidemiology of Sepsis in the ICU) cohort at the University of Pennsylvania has been described previously (42, 43) . Patients were eligible if they were admitted to the ICU with sepsis (44, 45) and excluded if an alternative diagnosis explained SIRS criteria, for declining life support on admission, or for lack of informed consent. Clinical data were abstracted from the electronic medical record. All chest imaging studies obtained during the first 6 days (46) were interpreted by trained physician investigators, as described previously (47, 48) . ARDS was adjudicated in accordance with Berlin criteria requiring that chest radiograph and oxygenation criteria be met on the same calendar day while invasively ventilated (36, 43) . Mortality was determined at 30 days. Source of sepsis was adjudicated by critical care physician investigators. Genomic DNA was extracted from whole blood using the QIAamp DNA Mini kit (Qiagen) and assayed with the Affymetrix Axiom TxArray v.1, a genome-wide platform comprised of approximately 780,000 markers (49) , which were used to identify genetic ancestry and 8 genotypes in the SELPLG locus (Chr12:109017264-109028341).
Models of LPS-induced and Ventilator-induced Murine Lung Injury
Male C57BL/6J mice aged 8-12 weeks (Jackson Laboratories) were used for all experiments. The Animal Care and Use Committee at the University of Arizona approved all animal care procedures and experiments. Mice were maintained in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited institution in autoclaved micro-isolator cages with free access to food and water. Mice were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) given by intraperitoneal injection and then intubated with a 20-Ga angiocatheter. For the LPS-induced lung injury, mice were intratracheally injected with LPS (Escherichia coli 0127:B8, 1 mg/kg; Sigma). For VILI models, mice were connected to Inspira mechanical ventilator (Harvard Apparatus) using a VT of 40 ml/kg, respiratory rate of 65 breaths/min, and positive end-expiratory pressure of 0 cm H 2 O for 4 hours. Spontaneously breathing control animals were anesthetized, given intravenous phosphate-buffered saline (PBS), and allowed to breathe spontaneously for 4 hours. In specific experiments, Selplg knockout mice (Selplg 2/2 ) were obtained from Jackson Laboratories (catalog no. 006336) and maintained under the same conditions as wild-type mice.
Murine VILI and LPS-induced SELPLG Gene Expression
The transcriptomic analyses for both VILIand LPS-exposed mice were based on the data generated by Affymetrix Mouse Genome 430 2.0 Array (National Center for Biotechnology Information Gene Expression Omnibus [GEO] dataset ID: GSE9368 and GSE9314). The GeneChip Robust Multiarray Averaging method was used to summarize the genome-wide gene expression levels (50, 51) . Only the probe sets present (determined by function "mas5calls" in the Bioconductor "affy" package) in all the samples of at least one group were retained. The robust multiarray average function in the "affy" package of Bioconductor was used to summarize the expression level of each probe set. The significance analysis of microarrays algorithm was used to identify the genes ORIGINAL ARTICLE deregulated by VILI and LPS based on log 2 -transformed gene expression levels (52) . FDR was controlled using the q value method (53).
PSGL-1 Inhibition and Lung Inflammation in a Mouse Model of ARDS
C57BL/6J mice were pretreated with PSGL-1 antibody (CD162, 30-min pretreatment, intravenous injection, 1 mg/kg) before LPS challenge (1 mg/kg, intratracheal instillation, 18 h) or high VT ventilation (40 ml/kg, 4 h). BAL and lung tissue were collected for further lung injury analysis.
BAL Analysis
At the termination of each animal experiment, BAL fluid was collected by instilling 1 ml of Hank's balanced salt solution (Invitrogen) intratracheally, followed by slow recovery of the fluid as we have previously described (54) . Cells were recovered from the collected BAL fluid by centrifugation (500 3 g, 20 min, 4 8 C) and counted using an automated cell counter (TC20; Bio-Rad). A blinded investigator performed manual differential cell counts (to elucidate the number of BAL neutrophils) on cytospin samples (500 cells/sample) (Shandon, Cytospin 4, Thermo Fisher Scientific) after staining with Kwik Diff Stain (Thermo Scientific). The supernatant was used to measure total protein concentration (Pierce BCA protein assay kit; Thermo Scientific). The BAL fluid supernatant was centrifuged again (16,500 3 g, 10 min, 4 8 C) and stored at 280 8 C for further analysis.
Lung Histopathology
To assess alterations in the lung tissue morphology, lungs were fixed in 10% formalin, embedded in paraffin, sectioned, mounted onto slides, and stained with hematoxylin and eosin (H&E). These sections were examined under microscope and histologically evaluated with established lung injury criteria as we previously reported (54) .
Statistical Analysis
Continuous data were compared using nonparametric methods and categorical data by chi-square test. Where applicable, standard one-way ANOVA was used and groups were compared using the NewmanKeuls test. Differences between groups were considered statistically significant when P was less than 0.05. Logistic regression analysis with adjustment for sepsis status, age, sex, and population stratification (the first principal component) was used in an additive genetic model. Imputation of 200-kb region around the SELPLG was performed using Michigan Imputation Server (55) . After the imputation, SNPs with poor imputation quality (R 2 , 0.3, minor allele frequency 0.1%, Hardy-Weinberg equilibrium P , 0.00001) were removed. In the GWAS analysis, a Bonferroni correction for multiple testing (n = 1,428,996 SNPs) was used as the genome-wide threshold for significance (a = 3.50 3 10
28
). We also examined the associations between three missense mutations on the SELPLG exon 3 and ARDS using logistic regression assuming an additive model of genetic risk and adjusting for genetic ancestry the MESSI cohort. Models were performed separately for subjects genetically of European ancestry (EA) and African ancestry (AA). Subjects of other ancestry were excluded due to low numbers. Analysis was performed using Golden Helix SNP and Variation Suite and PLINK v1.07 (56) . Table 1 shows the association of ARDS with various clinical covariates. When compared with ICU control subjects, the participants with ARDS in our study exhibited significantly higher mortality and longer hospital and ICU length of stay (Table 1) . No SNP satisfied the conservative genomewide threshold of Bonferroni correction (P , 3.50 3 10 28 ; Table E1 ). The genomic inflation factor based on median chi-square was estimated at 1.02, showing no indication of genomic inflation ( Figure E2 , Q-Q plot).
Results
GWAS of the Discovery Population
Biological Pathway Analysis
We then employed the ICSNPathway analysis (38) to evaluate the association between the GWAS-based prioritized genomic loci and previously known gene sets (e.g., Gene Ontology [40] , KEGG [41] ). At a nominal GWAS P value less than 10 24 , we prioritized a single intronic SNP, rs2115740 ( To consider a greater number of SNPs, the GWAS nominal P value threshold was increased to less than 10 23 , which led to identification of two additional nonsynonymous coding SNPs at ICSNPathway FDR less than 0.05 (Table 2 ). rs2228315 (GWAS nominal P = 2.7 3 10
24
; OR = 1.88; 95% CI = 1.32-2.68) resides within the SELPLG and alters Methionine to Isoleucine. rs61732394 (GWAS nominal P = 6.2 3 10
; OR = 3.01; 95% CI = 1.51-6.08) changes aspartic acid to glycine within tachykinin receptor 2 (TACR2). The SELPLG-prioritized pathway was Leukocyte Tethering or Rolling (GO:0050901, ICSNPathway FDR = 0.01; Table 2 ).
At various flanking distances of the three genes up to 100 kb, only the SELPLGassociated pathway, GO:0050901, remained significant (ICSNPathway FDR = 0.01, 0.004, and 0.006, respectively, at 5, 20, and 100 kb; Table 2 ).
Fine Mapping and Validation of SELPLG Gene Using the MESSI Cohort
To explore the role of SELPLG, we performed imputation of 200-kb region around the gene, and 1,855 SNPs were successfully imputed. The most significant SNP was rs2228315, which is located on the exon 3 ( Figure E4 ). Because this SNP causes a missense mutation, we examined if this SNP and other missense mutations in the same exon were associated with ARDS in two independent datasets, African Americans in the discovery cohort and MESSI cohort. The MESSI cohort has 1,041 patients, 440 with ARDS and 601 sepsis control subjects. There were 362 patients of AA and 607 of EA (Tables E3-E5 ). Three nonsynonymous mutations were successfully genotyped or imputed in both studies. The rs2228315 minor allele T increases odds of ARDS in the discovery cohort (OR = 2.06; 95% CI = 1.42-2.99) and EAs from the MESSI (OR = 1.41; 95% CI = 0.89-2.24), but the association was not significant in the MESSI (Table 3) . rs61729674 was associated with decreased risk of ARDS in both the discovery population and subjects of EA in the MESSI cohort (OR = 0.66 [95% CI = 0.46-0.96] Results of the discovery population are based on imputed data (allelic association was examined with logic regression adjusting for age, sex, sepsis, and three principal components using PLINK). For the MESSI cohort, the logistic regression was used assuming an additive genetic model and adjusting for one (European) or two (African) principal components.
and OR = 0.10 [95% CI = 0.01-0.75], respectively). rs73009 was also associated with decreased risk of ARDS in subjects of EA from the MESSI cohort (OR = 0.21; 95% CI = 0.05-0.96). In the meta-analysis of three nonsynonymous mutations in African Americans from the discovery population and the MESSI cohort, rs2228315 remained significant (OR = 1.38; 95% CI = 1.10-1.72).
Increased SELPLG Gene Expression in VILI and LPS-induced Mouse Models of Lung Injury
Preclinical validation of SELPLG and PSGL-1 in ARDS pathobiology was next assessed in preclinical mouse models of lung injury. Bioinformatic analysis of SELPLG gene expression in mouse lung tissues from VILI and LPS-induced lung injury preclinical models showed consistent and significant SELPLG upregulation ( Figure 1 ). When compared with controls, VILI-exposed mice exhibited significantly higher SELPLG gene expression levels ( Figure 1A , from GEO dataset GSE14525). Similarly, when compared with controls, LPS-induced lung injury resulted in significantly increased SELPLG gene expression, especially after 4 hours and 18 hours ( Figure 1B , from GEO dataset GSE9314). Therefore, SELPLG expression was observed to be upregulated in both VILI-and LPS-exposed mouse lungs with a FDR less than 5%, respectively.
Effect of PSGL-1 Inhibition on VILI and LPS-induced Lung Injury in Mouse Models
We next examined the therapeutic efficacy of PSGL-1 inhibition (via a neutralizing polyclonal antibody, CD162) on VILI and LPS-induced lung injury. The addition of the PSGL-1 antibody simultaneously with LPS challenge resulted in significant attenuation in LPS-induced BAL total protein increases (P , 0.01; Figure 2A ) and BAL cell count increases (P , 0.01; Figure 2B ). PSGL-1 also reduced LPSinduced BAL increase in polymorphonuclear cells (PMNs) by 10%. Similar lung injury protection with PSGL-1 antibody pretreatment was observed in VILI-exposed mice, with significant reductions in BAL total protein levels (P , 0.01; Figure 2C ) and BAL total cell counts (8% reduction of PMNs; P , 0.01; Figure 2D ). In both LPSinduced and VILI models, inflammatory cell number, thickness of alveolar walls in the lung tissues (H&E stained), and lung injury scores were decreased in the PSGL-1 antibody-pretreated group compared with the PBS-treated mice ( Figures 3A and 3B ).
Effect of LPS-induced Lung Injury in SELPLG Knockout Mice
Mice with targeted SELPLG deletion, Selplg
2/2
, exhibited significantly less cellular inflammation in response to LPS-induced injury than wild-type C57/B6 mice ( Figure 4) . Compared with C57/B6 mice, Selplg 2/2 mice demonstrated significant reductions in BAL total protein levels (P , 0.05; Figure 4A ) and BAL total cell counts (10% reduction of PMNs; P < 0.05; Figure 4B ) when exposed to LPSinduced lung injury. LPS produces robust increases in total BAL protein levels and total leukocyte counts in wild-type C57/B6 mice, which is significantly attenuated in Selplg 2/2 mice. Similarly, when compared with C57/B6 mice, Selplg 2/2 mice exhibited fewer inflammatory cells, less alveolar wall thickness (H&E stained), and significantly lower lung injury scores ( Figure 5 ).
Discussion
To our knowledge, this is the first report implicating SELPLG as a candidate gene involved in ARDS susceptibility in subjects with sepsis. To support our findings, we confirmed that: 1) SELPLG gene expression was significantly increased in VILI and LPS-induced mouse models of lung injury; 2) antibody neutralization of PSGL-1, the SELPLG-encoded protein, attenuated experimental VILI and LPS-induced lung injury; and 3) SELPLG 2/2 mice are protected against LPS-induced lung injury. We identified nonsynonymous coding variants in SELPLG that associate with differential ARDS risk in populations of varied ancestry and ARDS predisposition. The robust multiarray average function in the "affy" package of Bioconductor was used to summarize the expression level of each probe set. SELPLG expression is markedly increased in both preclinical murine models of acute respiratory distress syndrome. Box-and-whisker plots show median (line inside the box), first and third quartiles (bottom and top of box), and 1.5 3 interquartile range (whiskers). *P , 0.05 compared with control. WT = wild type.
Our group has previously used similar translational systems biology approaches to identify and validate several ARDS and VILI susceptibility candidate genes (17, 19, 24, 27, 29, 30, (57) (58) (59) .
Although the genetic associations warrant further replication, the strong biological plausibility and preclinical validation strongly support an important role of SELPLG in ARDS susceptibility. The selectins are a versatile family of three calcium-dependent, type I transmembrane
, and P-selectin [CD62P]) that mediate leukocyte tethering and rolling interactions with activated endothelial cells, an early and important part of the innate immune inflammatory response (33, (60) (61) (62) .
Among the many candidate ligands for selectins, only the PSGL-1, the SELPLGencoded protein product, has been extensively characterized at the molecular, cellular, and functional levels (62) . SELPLG is located on the long arm of chromosome 12 (12q24.110) and PSGL-1 spans 412 amino acids. The interaction between the selectins and their specific ligands demonstrates much redundancy in terms of ligand recognition and functional overlap. However, PSGL-1 is well recognized as the most important ligand for both L-selectin and P-selectin (62) , with several studies supporting the critical role of PSGL-1 in mediating the early phase of neutrophil rolling onto the activated endothelium (63) . Furthermore, PSGL-1-deficient mice demonstrate impaired leukocyte tethering to E-selectin (64) . Our mechanistic validation supports a critical role of PSGL-1 in the acute inflammatory response, as mice pretreated with the PSGL-1-neutralizing antibody (CD162) exhibit significantly reduced lung inflammation and injury in response to LPS and VILI. Similarly, when compared with wild-type C57/B6 mice, SELPLG 2/2 demonstrated significantly attenuated LPS-induced lung inflammation and injury. These results support the finding that increased SELPLG expression and PSGL-1 activity may increase susceptibility to ARDS.
The lack of a genome-wide signal using a Bonferroni correction increases the potential for a false-positive result in our study. Because the effect size and significance of the GWAS signal is modest, we do not believe these SNPs will be useful as a genetic predictor of ARDS. However, our pathway prioritization strategy, gene expression profiles, and animal models provide strong evidence for the role of SELPLG in ARDS. The most significant contribution of our data is likely to be mechanistic insight into ARDS pathology rather than identification of genetic predictors of ARDS susceptibility. A general limitation of using conventional GWAS statistics is that they require large cohorts for studying traits of complex inheritance with small effect size. Such cohorts, though readily obtainable in some common disorders, are not available for uncommon, complex diseases, such as ARDS. Selecting the optimal analytical framework to discover the genetic inheritance of infrequent, complex disorders thus remains an open challenge. Over the last decade, pathwaylevel analytical methods have been shown in small cohorts to prioritize a signal that would otherwise be considered underpowered by conventional GWAS approaches (65) . We have previously demonstrated in a historical rollback validation that SNPs could be unveiled by mining legacy-underpowered SNPs in GWAS cohorts jointly with protein interactions in adult-onset diabetes and systemic lupus (66) . Here, we prioritized intragenic SNPs using external knowledge of pathways by the ICSN method (38) , which was confirmed to discover overlooked SNPs in three schizophrenia GWASs (67) , and to identify common inheritance between lupus and rheumatoid arthritis (68) . We did not observe a similar association between rs2228315 and ARDS in the MESSI population of either ancestry. In EA, there was a signal for increased ARDS risk that was not statistically significant, and this may represent a relative lack of power, given the lower allele frequency in EA compared with AA individuals. It is possible that the association identified in the discovery population is a false positive, although we believe that this is unlikely, given the statistical robustness with several sensitivity analyses and our animal data. We believe the observation of disparate results by race are due to the substantial differences in minor allele frequencies observed rather than different underlying genetic effects between race groups. Such inconsistent associations between race groups are common in complex disease association studies (65) (66) (67) (68) . Our observation of an inconsistent association among different race groups also suggests the limited use of these SNPs as a predictive biomarker. Furthermore, the identification of rare exonic, nonsynonymous SNPs in European MESSI subjects that also associate with ARDS risk supports the potential for SLEPLG to be an ARDS risk-modifying gene.
Another limitation is the lack of knowledge of the functional consequences of the SNPs identified to be associated with ARDS susceptibility. Interestingly, the observed protective role of the rs7300972 and rs61729674 could be due to a deleterious impact on the amino acid profile of SELPLG, which contrasts with the putative activating effect of rs2228315 (69) . However, further evaluation of this speculation, which is in agreement with the observed decreased inflammatory responses in SELPLG knockout and PSGL-1 antibody-pretreated Selplg-/-
1.6
Veh LPS Veh LPS Figure 4 . LPS-induced lung injury is attenuated in Selplg 2/2 mice. Wild-type (WT) C57/B6 mice or Selplg 2/2 mice were challenged with LPS (1 mg/kg, intratracheal instillation, 18 h). LPS produces robust increases in (A) total BAL protein levels and (B) total leukocyte counts in WT C57/B6 mice. Both LPS-induced increases in BAL protein levels and total leukocyte counts were significantly attenuated in Selplg 2/2 mice. Results are expressed as mean (6SEM); n = 3 per condition; *P , 0.05. Selplg = selectin P ligand; Veh = vehicle. mice in our study demands further work. Our future studies will extend to identification of promoter and coding SNPs that underlie this association. Next, we will investigate the functional role of the exonic and promoter SNPs. For example, for the nonsynonymous coding SNP (rs2228315, Met62Ile), we hypothesize that the mutation from Met to Ile on position 62 might lead to a changed binding affinity of PSGL-1 to its receptor P-selectin, as Met62Ile is in close proximity to a key amino acid, Thr57, which determines PSGL-1 binding affinity (70) . The altered lipophilicity of Met/Ile might lead to a change on the localized structure near Thr57, which could impose a key functional outcome on P-selectin binding and neutrophil rolling.
In summary, our genome-wide genetic approaches, novel bioinformatic strategies, and preclinical validation studies have identified SELPLG as a novel ARDSsusceptibility gene and a potentially novel therapeutic target in ARDS pathobiology. n
